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Mouse Rad54 affects DNA conformation and DNA-damage-
induced Rad51 foci formation
T.L.R. Tan*†, J. Essers*†, E. Citterio*, S.M.A. Swagemakers*, J. de Wit*, 
F.E. Benson‡, J.H.J. Hoeijmakers* and R. Kanaar*§
Error-free repair by homologous recombination of DNA
double-strand breaks induced by ionizing radiation (IR)
requires the Rad52 group proteins, including Rad51 and
Rad54, in the yeast Saccharomyces cerevisiae [1]. The
formation of a ‘joint’ molecule between the damaged
DNA and the homologous repair template is a key step in
recombination mediated by Rad51 and stimulated by
Rad54 [2–5]. Mammalian homologs of Rad51 and Rad54
have been identified [2,3,6]. Here, we demonstrate that
mouse Rad54 (mRad54) formed IR-induced nuclear foci
that colocalized with mRad51. Interaction between
mRad51 and mRad54 was induced by genotoxic stress,
but only when lesions that required mRad54 for their
repair were formed. Interestingly, mRad54 was essential
for the formation of IR-induced mRad51 foci. Rad54
belongs to the SWI2/SNF2 protein family, members of
which modulate protein–DNA interactions in an ATP-
driven manner [7]. Results of a topological assay
suggested that purified human Rad54 (hRad54) protein
can unwind double-stranded (ds) DNA at the expense of
ATP hydrolysis. Unwinding of the homologous repair
template could promote the formation or stabilization of
hRad51-mediated joint molecules. Rad54 appears to be
required downstream of other Rad52 group proteins,
such as Rad52 and the Rad55–Rad57 heterodimer, that
assist Rad51 in interacting with the broken DNA [2–4]. 
Addresses: *Department of Cell Biology and Genetics, Erasmus
University Rotterdam, PO Box 1738, 3000 DR Rotterdam, The
Netherlands. ‡Imperial Cancer Research Fund, Clare Hall Laboratories,
South Mimms, Hertfordshire EN6 3LD, UK. §Dr. Daniël den Hoed
Cancer Center, PO Box 5201, 3008 AE Rotterdam, The Netherlands.
†T.L.R.T. and J.E. contributed equally to this work.
Correspondence: R. Kanaar
E-mail: kanaar@gen.fgg.eur.nl
Received: 23 December 1998
Revised: 11 February 1999
Accepted: 12 February 1999
Published: 15 March 1999
Current Biology 1999, 9:325–328
http://biomednet.com/elecref/0960982200900325
© Elsevier Science Ltd ISSN 0960-9822
Results and discussion
To study the behavior of mRad54 after IR treatment of
cells, a ‘knock-in’ construct was generated in which exons
4–18 were replaced by the corresponding cDNA, which
also encoded a carboxy-terminal hemagglutinin (HA) tag.
Homologous integration of the construct within the
mRAD54 locus of embryonic stem (ES) cells ensured
expression of HA-tagged mRad54 from the endogenous
mRAD54 promoter (Figure 1a). The HA-tagged protein
was detected using anti-hRad54 and anti-HA antibodies
on immunoblots from cell lines mRAD54–/HA and
mRAD54+/HA. These cell lines contain ‘knock-out’ and
wild-type mRAD54 alleles, respectively, in addition to the
HA-tagged allele (Figure 1b). The HA tag did not inter-
fere with the biological activity of mRad54 (Figure 1c). 
The steady-state level of mRad54 did not change after
treatment of mRAD54–/HA cells with IR (data not shown).
The protein, however, was redistributed after IR treat-
ment, as detected by immunofluorescence microscopy
(Figure 2a). After IR treatment, mRad54 was detected as
bright foci in the nuclei of the majority of the cells. This
staining pattern is similar to that reported for Rad51
[8–10]. Cells were therefore also stained for mRad51,
which revealed the colocalization of a number of mRad54
and mRad51 foci (Figure 2a). DAPI staining of the nuclei
of irradiated cells showed that foci-containing cells did not
show signs of apoptosis nor were they otherwise aberrant. 
To determine whether the IR-induced mRad51 and
mRad54 foci colocalized because of an association of the
two proteins, immunoprecipitation experiments were per-
formed. Immobilized anti-hRad51 antibodies were used to
precipitate mRad51 from mRAD54–/HA ES cell protein
extracts, and the precipitate was analyzed for the presence
of mRad51 and mRad54. Whereas mRad51 was detected in
the precipitate from extracts of non-irradiated and irradiated
cells, mRad54 was co-immunoprecipitated only from the
extract of irradiated cells (Figure 2b). Similarly, IR-depen-
dent co-immunoprecipitation of mRad51 and mRad54 was
observed using immobilized anti-HA antibodies and in the
presence of ethidium bromide (data not shown). 
The kinetics of IR-induced mRad51 and mRad54 foci for-
mation were examined to determine whether the redistrib-
ution of these proteins upon induction of genotoxic stress
was a dynamic process. The percentage of cells showing
both mRad51 and mRad54 foci — double-positive cells —
increased from 8.5 to 76% over a 2 hour period after IR
treatment with doses of 2–12 Gy (Figure 3a). No signifi-
cant dose-dependent difference in the induction rate of
mRad51 and mRad54 foci was observed. The decrease in
the percentage of double-positive cells over time was
dependent on IR dose, however.
The formation of mRad51 foci was examined in mRAD54–/–
ES cells, to test whether it was affected by the  IR-induced
interaction between mRad54 and mRad51. Interestingly,
IR did not induce mRad51 foci formation in mRAD54–/–
cells (Figure 3b), an effect that was observed in two inde-
pendently obtained mRAD54–/– cell lines. It is important to
note that the mRAD54-proficient and -deficient cell lines
were isogenic and differed solely in their mRAD54 alleles.
We therefore conclude that mRad54 is required for the for-
mation of mRad51 foci induced by DNA damage in ES
cells. Recently, the Rad51 family member Xrcc3 was also
shown to be required for Rad51 foci formation [11]. 
To determine whether other types of DNA damage elicit
mRad54 foci formation, cells were treated with mitomycin
C (MMC), methyl methanesulfonate (MMS) and ultravio-
let (UV) light. The formation of foci containing both
mRad51 and mRad54 was induced by MMC and MMS, but
not by UV light (Figure 3c). Thus, foci are formed only in
response to DNA-damaging agents to which mRAD54–/– ES
cells are sensitive [12]. We conclude that mRad54 redistrib-
utes in the cell and associates with mRad51 upon the induc-
tion of genotoxic stress generated by DNA damage that
requires mRad54 for its repair. In contrast, no redistribution
takes place in response to lesions whose repair does not
depend on mRad54. Our observations are consistent with
experiments showing that Rad51 and Rad54 from S. cere-
visiae and human can interact in vitro (reviewed in [1,2]). 
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Figure 2
IR-induced interaction between mRad51 and mRad54. (a) IR-induced
colocalization of mRad51 and mRad54 foci as detected by
immunofluorescence using anti-hRad51 and anti-HA antibodies on
mRAD54–/HA cells fixed 6 h after treatment with the indicated dose of
IR. Primary antibody staining was visualized using Alexa-488-
conjugated goat anti-rabbit and Alexa-594-conjugated goat anti-rat
secondary antibodies (Molecular Probes). Nuclei were counterstained
with 4′,6-diamidino-2-phenylindole (DAPI). The first three columns
show separate nuclear (DAPI), mRad51 and mRad54 staining,
respectively, whereas the latter two columns show merged
combinations. (b) Co-immunoprecipitation of mRad54 with
immobilized anti-hRad51 antibodies requires prior IR treatment of the
cells. Lane 1, protein extract; lane 2, immunoprecipitation (IP) using
pre-immune serum; lane 3, IP using anti-hRad51 antibodies. The
immunoblots in the upper and lower panels were probed with anti-HA
and anti-hRad51 antibodies, respectively. For immunopreciptiations,
cells were lysed by resuspension in NETT buffer (50 mM Tris-HCl
pH 7.5, 100 mM NaCl, 5 mM EDTA, and 0.5% Triton X-100). After
centifugation, protein-G–sepharose-immobilized antibodies were
added to the supernatant. The beads were then washed three times
with NETT buffer. The immunoprecipitates were separated by
SDS–PAGE and analyzed by immunoblotting.
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Generation and characterization of ES cell lines containing endogenously
expressed, HA-tagged mRad54. (a) Structure of the genomic mRAD54
locus (top), the HA-tagged mRAD54 knock-in construct (middle), and the
targeted locus (bottom). Black boxes, exons encoding mRad54; open
box, HA tag; arrow, hygromycin-resistance gene (hyg). (b) Immunoblot of
extracts from mRAD54 wild-type (+/+), knockout (–/–), and knock-in
(–/HA and +/HA) ES cells, probed with anti-hRad54 and anti-HA
antibodies (upper and lower panel, respectively). The nature of the
110 kDa protein that cross-reacts with the anti-hRad54 antibodies is
unknown. (c) Clonogenic survival assays of the indicated ES cell lines
after IR treatment. Measurements were performed in triplicate [12].
Standard errors of the mean were within 4–16%.
In addition to their physical interaction, Rad51 and
Rad54 interact functionally. During recombinational
repair, Rad51 mediates joint-molecule formation
between a single-stranded (ss) region on the damaged
DNA and an intact homologous duplex DNA. Rad51 ini-
tiates homologous pairing by forming a nucleoprotein fil-
ament on the ssDNA [2,4]. The S. cerevisiae Rad54
protein has been shown to stimulate the pairing activity
of Rad51 [5], but the molecular basis of this stimulation is
not yet understood. Both S. cerevisiae and human Rad54
are dsDNA-dependent ATPases that belong to the
SNF2/SWI2 protein family [5,13]. Although members of
this family contain seven conserved motifs characteristic
of helicases [7], helicase activity was not detected in
these proteins using oligonucleotide-displacement assays
[5,7,13]. One interpretation of these results is that
although proteins of this family do not disrupt base
pairing, they might still be able to locally unwind the
DNA double helix. To further investigate this possibility,
the interaction of hRad54 with dsDNA was examined
using a topological assay. Singly-nicked plasmid DNA
was incubated with purified hRad54 protein and the reac-
tion mixture was then supplemented with DNA ligase. In
this assay, any protein-induced change in linking number
(∆Lk) can be detected as a change in the electrophoretic
mobility of the DNA. In the presence of ATP, hRad54
generated topoisomers that migrated with native super-
helix-density DNA (Figure 4a), indicating that the
protein induced an extensive ∆Lk. The amount of con-
verted DNA increased with increasing hRad54 concen-
tration (Figure 4b). The hRad54-induced ∆Lk required
ATP hydrolysis because it was not observed in the
absence of ATP, in the presence of the non-hydrolyzable
analog ATPγS (Figure 4b), or with hRad54K189R
(Figure 4a), which carries a single amino-acid substitu-
tion that blocks ATP hydrolysis [13]. 
The direction and extent of the hRad54-induced ∆Lk was
determined by two-dimensional gel electrophoresis. In the
presence of ATP, hRad54 introduced negative supercoils
in the plasmid DNA (Figure 4c). Topoisomers with a ∆Lk
of up to –23 were resolved, indicating that hRad54 binding
can induce a specific linking difference (σ = ∆Lk/Lk0) of
at least –0.08, which is even lower than that of native
superhelix-density DNA (σ ≈ –0.06). Although a widening
of the topoisomer distribution was observed in the absence
of ATP, the center of the distribution was unchanged. The
negative supercoils introduced by hRad54 could either
result from a change in twist due to unwinding of the
DNA double helix, or from a change in writhe due to
DNA wrapping around the protein surface. Given that the
Escherichia coli recombination protein RuvB, which con-
tains similar conserved motifs to those found in Rad54,
and the SNF2/SWI2-containing protein complex, change
twist [14,15], we favor the possibility that the negative
supercoils induced by hRad54 are due to DNA unwinding. 
We suggest that the stimulation of Rad51-mediated homo-
logous-DNA pairing by Rad54 could be due to the unwind-
ing of the dsDNA recombination partner [5]. Unwinding
will facilitate pairing because the DNA in the Rad51 nucle-
oprotein filament is in an extended conformation [2,4]. In
comparison to the E. coli RecA protein, hRad51 makes only
short heteroduplex joints [2]. Through its association with
hRad51 and its ATP-dependent DNA-unwinding activity,
hRad54 might provide stability to the hRad51-generated
joint molecule, thereby allowing extension of the hRad51
filament and of heteroduplex DNA. This role is consistent
with our demonstration that mRad54 is required for the for-
mation of mRad51 foci induced by genotoxic stress and
suggests that mammalian Rad54 is required after the initial
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Figure 3
Kinetics of mRad51 and mRad54 foci formation. (a,c) ES cells
(mRAD54–/HA) were treated with (a) the indicated doses of IR, or 
(c) with the indicated DNA-damaging agents, fixed at the given time
points, and stained for mRad51 and mRad54. The percentage of cells
containing both mRad51 and mRad54 foci is displayed. (b) Cell lines
containing the indicated mRAD54 alleles were irradiated with 12 Gy
and processed as described for (a,c) except that the percentage of
cells containing mRad51 foci is plotted. Cells with two or more nuclear
foci of one type were considered as positive for that type. Each data
point, obtained in three independent experiments, was based on the
analysis of at least 100 nuclei.
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joint molecules have been generated by mammalian Rad51.
Additional Rad52 group proteins, Rad52 and the
Rad55–Rad57 heterodimer, have been shown to be
required for Rad51 foci formation during meiosis in S. cere-
visiae [16]. In contrast to Rad54, it is most likely that these
proteins act before Rad51 generates joint molecules [2]
because they stimulate Rad51-mediated joint molecule for-
mation when they are incubated with ssDNA before Rad51
protein and homologous dsDNA are added. 
In addition to a direct role in promoting Rad51-mediated
joint-molecule formation, Rad54 could influence homolo-
gous pairing indirectly by affecting chromatin structure.
Rad54-mediated DNA unwinding might result in the dis-
placement of histones that could be inhibitory to homo-
logous pairing. Such a role is in agreement with the
functions of other SNF2/SWI2 family members, which
have been implicated in chromatin remodeling and in the
removal of proteins from DNA [7]. Dual roles of these pro-
teins — a general role in affecting chromatin and a special-
ized role in DNA metabolism — provide an explanation for
why a number of DNA-repair pathways, such as transcrip-
tion-coupled nucleotide excision-repair, genome overall
nucleotide excision-repair, post-replication repair, and
homologous recombination, all require a specific
SNF2/SWI2 family member. Although the effect on chro-
matin could have been provided by a single protein, their
additional function within each DNA-repair pathway
demands specialization. 
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Figure 4
Binding of hRad54 to DNA induces negative supercoiling. (a) An equal
amount of either hRad54 or hRad54K189R protein was incubated with
singly-nicked plasmid DNA in the presence of ATP. After ligation of the
nick, the resulting distribution of topoisomers was analyzed by agarose
gel electrophoresis. SC, native superhelix-density DNA. (b) The
induction of an extensive ∆Lk by hRad54 is dependent on protein
concentration and requires ATP hydrolysis. The concentrations of
hRad54 used were 0, 15, 30 and 40 nM. (c) A series of two-
dimensional gels [17] containing the indicated DNAs. Marker
topoisomers of the plasmid are displayed in the upper two panels. The
lower three panels show gels containing plasmid DNA ligated in the
absence of hRad54 (no protein) and in the presence of hRad54, either
with or without ATP. CQ, chloroquine. The hRad54 and hRad54K189R
proteins were purified as described [13]. Reaction mixtures (60 µl)
contained 20 mM Tris-HCl pH 7.5, 40 mM KCl, 5 mM MgCl2, 1 mM
DTT, 2 mM ATP, 26 mM nicotinamide adenine dinucleotide, 50 µg/ml
bovine serum albumin, 3 µM dsDNA (pBluescript II KS) and 40 nM
hRad54 protein. After 10 min at 30°C, one unit of E. coli DNA ligase
was added and incubation was continued for 50 min.
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